Previous studies have suggested that stimulus representations in the visual system 28 are remapped across eye movements during perception. Interestingly, our visual 29
system does not only process stimuli that are directly available to our eyes, but may 30 also have a role in maintaining information in VWM over a period of seconds. It 31 remains unclear if saccadic remapping also occurs for stimuli that are held in working 32 memory and whether eye movements degrade VWM representations in visual 33 cortex. Here, we directly compared the content of VWM in early visual areas for 34 saccade and no-saccade conditions using MVPA of delay-related activity measured 35 with fMRI. Specifically, we probed item-related VWM representations of the 36 remembered grating orientation from contralateral and ipsilateral early visual areas 37 (V1 -V3) and the intraparietal sulcus (IPS). When participants did not make a 38 saccade, VWM representations were robustly present in contralateral early visual 39 cortex. Surprisingly, VWM representations disappeared from contralateral V1-V3 40 after the saccade shifted the location of the remembered grating to the opposite 41 visual field. In contrast to our saccadic remapping hypothesis, we found no evidence 42 for the representations of the remembered grating at the saccadic target location in 43 the opposite visual field, suggesting that there is no evidence for remapping of VWM 44 in early visual cortex. Interestingly, IPS showed persistent VWM representations in 45 both the saccade and no-saccade condition. Together, our results indicate that VWM 46 representations in early visual cortex are not remapped across eye movements, 47 potentially limiting the role of early visual cortex in VWM storage. 48
Introduction 58
Humans perform about three saccadic eye movements per second in order to guide 59 the fovea toward regions of interest in the visual field (Rayner, 1998) . Previous 60 research has indicated that both stimulus features and attentional pointers are 61 remapped across eye movement to aid visual stability (Melcher, 2007; Rolfs et al., 62 2011; He et al., 2018) . Furthermore, research in the last decade has suggested that 63 our visual system may not only process incoming information, but also be relevant 64 for maintaining internal representations of previously observed visual stimuli, i.e. 65 visual working memory (VWM). The ability to maintain information that is no longer in 66 view is critical for reasoning about and mentally manipulating visual information 67 despite temporal discontinuous in visual inputs that occur for example during eye 68 movements, occlusions, and object motion (Curtis and D'Esposito, 2003 ; Serences, 69 2016; Lorenc et al., 2018) . 2016). Moreover, VWM representations in early visual cortex have been found to be 75 spatially specific, maintained in a retinotopic manner (Pratte and Tong, 2014) . 76
Crucially however, in these previous studies, participants were instructed to maintain 77 fixation while remembering a visual stimulus during a retention period. While this is a 78 common approach to investigate VWM in a lab environment, it is arguably quite 79 different from real-world settings that are marked by multiple eye movements per 80 second. In our daily life, VWM is typically dynamic and fragile. For instance, when 81 looking for a key in an apartment, one needs to maintain a mental image of the key 82 5 while continuously moving one's eyes toward different search locations. It is largely 83 unknown how eye movements impact the mental VWM representations in early 84 visual areas and beyond. 85
One possibility is that VWM representations are dynamically remapped and 86 follow the shift of the retinotopic location caused by eye movements. In this case, the 87 cortical location representing the VWM would be updated after an eye-movement. 88
Alternatively, working memory information might be maintained across multiple brain 89 regions and not require remapping following eye movements. On this account, after 90 every eye movement, the up-to-date feature of the stimulus (e.g., the latest location 91 of the stimuli) would be integrated with the previous working memory information. 92
Here, we tested the potential remapping of VWM in the early visual system, 93 by presenting participants with an orientated grating in either the left or right visual 94 field. The grating orientation had to be maintained for a subsequent retention period, 95 while we measured blood oxygenation level-dependent (BOLD) signals with 96 functional magnetic resonance imaging (fMRI). Using multivariate pattern analysis 97 (MVPA), we attempted to decode the remembered orientation in both the 98 contralateral and the ipsilateral hemispheres during trials in which participants 99 performed either a saccade or maintained fixation during the working memory 100 period. 101 using the Psychtoolbox (Brainard, 1997). The circular sinusoidal grating stimulus 135 subtended 10° and was centered with a small jitter (0.3°) on the screen center. The 136 grating was full contrast, with a spatial frequency of 1 cycles/degree, a random 137 phase and an orientation of either 25° or 115° (with a small jitter of 3°) from the 138 horizontal axis. The contrasts of the edges of the grating were linearly attenuated 139 over the distance from 4.5° to 5.0° radius. Two filled dots (0.5°, one green, one 140 black) were presented at the periphery of the screen, which were served as the 141 fixation dot and saccade target in the task. In the behavioral training session, stimuli 142
were presented on a 24-in. flat-panel display (BenQ XL2420T, 1,920 x 1,080 143 resolution, 60 Hz refresh rate). In the fMRI sessions, stimuli were displayed on a 144 rear-projection screen using an EIKI LC-XL100L (EIKI, Rancho Santa Margarita, CA) 145 multimedia projector (1,024 x 768 resolution, 60 Hz refresh rate). 146
Experimental design 147
Behavioral training procedure.
Prior to the fMRI scan sessions, all participants 148 completed a one-hour behavioral training session to familiarize themselves with the 149 fMRI main task and to establish their individual orientation discrimination threshold, 150 which served as an initial orientation difference of the gratings in the following fMRI 151 sessions. The experimental design of the behavioral training task was exactly the 152 same as during the fMRI main task, except that the delay period and the inter-trial 153 interval (ITI) were shortened to 3 s to reduce the experimental time. Participants 154 completed two to three blocks of 56 trials until a stable orientation discrimination 155 threshold was obtained, during which the eye movements were continuously 156 monitored by an Eyelink 1000 plus eye tracker. In addition, participants were 8 familiarized with the localizer tasks and the retinotopic mapping procedures that 158 were used in the fMRI session at the end of the behavior session. 159 fMRI main task.
The experimental design ( Figure 1a ) was adapted from a well-160 known delayed orientation discrimination task used before (Harrison and Tong, 161 2009 ). Each trial began with two filled dots (one green, one black) that were 162 presented at the periphery of the screen (2 s). Participants were asked to fixate at 163 the green dot through the trial. Two oriented gratings were flashed sequentially at the 164 center of the screen (which could be in the left or right visual field of the participants, 165 depending on the location of the green fixation dot) for 200 ms, respectively, with an 166
inter-stimulus interval of 400 ms, and followed by a retro-cue (400 ms, "1" or "2") to 167 indicate which orientation of the grating should be remembered during the following 168 delay period. The sequence of the orientations (25° and 115°) were randomly 169 chosen on each trial. On one third of trials (No-saccade condition), the two dots did 170 not swap their locations, which indicated to participants that they needed to keep 171 their fixation at the initial fixation location during the 10 s delay period. On the 172 remaining two thirds of trials (Saccade condition), the green dot was shifted to the 173 opposite side of the screen at the beginning of the delay period (2 s after the offset of 174 the retro-cue). This instructed participants to move their eyes to the opposite location 175 of the screen and maintain their fixation at the new position for the remaining 8 s. A 176 probe grating was presented at the screen center after the delay period and 177 participants were required to make a judgement of whether the probe orientation was 178 rotated clockwise or countclockwise relative to the grating they memorized during the 179 delay period. Finally, feedback was provided and a black fixation dot instructed 180 participants to move their eyes to the center of the screen in preparation for the next 181 trial. Trials were separated by an ITI of 9.6 s. The central fixation dot changed its 9 color from black to gray at the last second of the ITI to indicate that the next trial was 183 going to start. 184
In order to rule out the potential confound of global representations of VWM, 185 four catch trials were included in each run. Stimuli and timing of the catch trials were 186 identical to the main trials, except for the following changes. During the presentation 187 of the probe in the catch trial, the probe was horizontally shifted 1° to the left or right 188 with respect to the location of the sample gratings. Participants were instructed to not 189 respond when the location of the probe grating did not match with the sample 190 gratings. The rationale of this was that it forced participants to memorize the 191 orientation stimulus at its original location in order to successfully perform the task, 192 resulting in a spatially specific VWM representation. 
Staircase Procedure 199
The staircase procedure was used to ensure equal task difficulty across participants 200 and to equate task difficulty levels across no-saccade and saccade conditions within 201 participants. In the behavioral training session, immediately after the delay period, 202
participants were asked to compare the tilted orientation between the probe and the 203 internal remembered grating. The staircase procedure estimated the difference 204 between probe and remembered grating that ensured 75% performance, using 205
QUEST (Prins and Kingdom, 2018). A maximum orientation difference of 20° 206
between the probe and remembered grating was enforced. The staircase was 207 10 initiated with an orientation difference of 10° and dynamically adapted according to 208 participants' performance on previous trial until a stable threshold was acquired. This 209 threshold was used as a seed in the following fMRI sessions and the same staircase 210 procedure was also used during scanning. 211
Eye tracking 212
Eye position was monitored with an MR-compatible Eyelink 1000 (SR Research Ltd., 213
Ottawa, Canada) eye tracker. Only the left eye was recorded in the scanner. Pupil 214 and corneal reflection were sampled at 1000 Hz and analyzed offline to ensure that 215 participants fixated at the correct location. The eye tracker was calibrated at the 216 beginning of each session and repeated between runs if necessary. In 10 out of 192 217 runs, the eye tracker signal was lost during scanning due to subjects' head motion or 218 technical problems. During these runs, the experimenter monitored the eye position 219 online via the live video feed from the camera. All participants were trained on the 220 fixation task and to perform saccades in the behavioral training session prior to the 221 scanning session. 222
fMRI parameters 223
Functional and anatomical images were carried out with a 3T Siemens Prisma fit 224 MRI system (Siemens, Erlangen, Germany), using a 32-channel headcoil. Functional 225 images were acquired using a whole brain T2*-weighted multiband-4 sequence 226 were performed in native subject space using custom python code. 239
Functional localizers 240
In addition to the main experiment, participants underwent two localizer runs, which 241 were used to select voxels that maximally responded to stimuli presented in the 242 contralateral hemifield and served as independent training data for the multivoxel 243 pattern analysis. The same grating stimulus parameter were used in localizer runs as 244 those in the main experiment. Participants fixated at the left or right green dot and 245 the grating was presented at the center of screen for 16 s, with a frequency of 4 Hz. 246
Throughout the localizer, participant had to fixate at the green dot and monitor a 247 sequence of rapidly changing letters just above fixation, to which they had to 248 respond by button press whenever a target letter ("X" or "Z") occurred in a stream of 249 non-target letters ("A", "H", "R", "N", "T", "V", "U", "Y"). Letters were presented at a 250 frequency of 2 Hz. When the green dot shifted from the left to the right side of the 251 screen (or vice versa) at the end of the trial, participants had to move their eyes to 252 follow the fixation dot. Each trial was separated by a 2 s ITI in which only the fixation 253 cross was presented, to give participants enough time to saccade and stabilize their 254 ROIs (see Figure 1b ) and vice versa. Finally, we selected the 200 most active voxels 289 across the entire early visual cortex (V1 -V3) and the entire intraparietal sulcus (IPS0 290 -IPS5) to do the decoding analyses, separately. 291
Univariate fMRI analyses 292
To estimate the BOLD response of each hemisphere in each condition, we selected 293 the same voxels as those used for decoding. We separately modeled the onset of 294 each trial for each hemisphere and for no-saccade and saccade condition 295 separately. To quantify BOLD activity during the trial, contrasts between left and right 296 hemisphere regressors for each condition were created. All fMRI data were 297 transformed from MRI signal intensity to units of percent signal change, calculated 298 relative to the average level of activity for each voxel across the first volume of each 299 trial within each run. 300
Multivariate fMRI analyses 301
We used multivariate pattern analyses (MVPA) to determine whether the pattern of 302 activity in each ROI and each hemisphere contained orientation information, as 303 implemented in Scikit-learn 0.20.3 (Pedregosa et al., 2011) . To this end, linear 304 support vector machines (SVMs) were trained to discriminate between the two 305 grating orientations based on the pattern of BOLD activity over voxels. In this study 306 14 we used classification distance as an indication of the amount of orientation 307 information being maintained in each hemisphere. To calculate the classification 308 distance, we measured the distance of each sample to the separating hyperplane 309 that was trained by a linear SVM with a positive/negative sign (the sign indicates the 310 class). We then averaged the distance within each class and calculated the absolute 311 distance between these two classes. While this approach can give us a binary 312 predicted label (25° or 115°), which can be used to calculate classification accuracy, 313 it additionally allows one to review the confidence of this classification and provide a 314 continuous metric of the decoding performance. In each ROI, the larger the 315 classification distance, the more confident the classifier is in determining the stimulus 316 class based on the BOLD activity pattern, and hence the more orientation 317 information is contained within the pattern of BOLD activity. 318
When training and testing within the main experiment we averaged the BOLD activity 319 over time points 7.2 -10.8 s after the onset of the delay period. This time period was 320 selected to be as far from the onset of the two gratings at the beginning of the trial as 321 possible, and therefore not reflect activity elicited by the stimuli, but also prior to the 322 onset of the probe stimulus. These time series were then normalized using a z-323 scored transformation within each run. For generalization from perception to VWM, 324 the classifier was trained using a full time series (0 -16 s) of the average BOLD 325 activity in the localizer and then applied to the averaged VWM period. 326
A leave-one-run-out cross-validation procedure was used to train the classifier where 327
we trained in 7 out of 8 runs and tested on the remaining run. We also used this 328 cross-validation procedure on the time-resolved decoding analysis, but within each 329 time point independently. BOLD activity and classification distance over time were
Bayesian analyses 334
In order to further evaluate non-significant tests, we performed the Bayesian 335 2014), we also included catch trials in which the probe grating was horizontally 360 shifted 1.2° with respect to the location of the sample gratings. Participants were 361 instructed to discriminate the orientation between the probe and the memorized 362 grating only when they were presented at the same location (see Methods for 363 details). This experimental design was chosen to encourage participants to maintain 364 both the orientation and location of the presented grating. Indeed, behavioral data 365 showed that participants could successfully withhold their response at an accuracy of 366 66.67% (SD 12.25) when the probe was presented at a displaced location, 367 demonstrating that participants remembered the orientation in a spatially specific 368
way. 369
Behavioural data confirmed that participants could successfully discriminate 370 small differences between the cued grating and the probe grating (mean 371 discrimination threshold, no-saccade condition: 8.17°, SD 4.80; saccade condition: 372 8.69°, SD 4.61) at an accuracy of 81.7% (SD 4.96) and 81.4% (SD 4.90) in both no-373 saccade and saccade trials. Notably, there was no difference in accuracy between 374 trials with and without a saccade (t(23) = 0.33, p = 0.7465, Cohen's d = 0.07; BF01 = 375 4.426), and no differences in the mean discrimination threshold (t(23) = 1.04, p = 376 0.3085, Cohen's d = 0.21; BF01 = 2.866), indicating that the VWM performance was 377 not impaired by the eye movement during the delay period. 378
A univariate BOLD analysis showed that the presentation of the grating stimuli 379 induced stronger BOLD activity in contralateral than ipsilateral early visual areas 380 (cluster permutation test, p = 0.0001). As expected, probe presentation at the end of 381 the trial led to a BOLD activity increase in the contralateral hemisphere during no-382 saccade trials and a BOLD activity increase in the ipsilateral hemisphere, 383 corresponding to the updated stimulus location after the eye movement, in the 384 saccade condition (Figure 1c ). Taken together, these results suggest that 385 participants engaged successfully in the task. 386 
388
Participants performed a delayed orientation discrimination task. At the start of each trial, two 389 dots were presented at the periphery of the screen and participants were instructed to fixate 390 at the green dot. Two orientated gratings (25° and 115°) were successively flashed in the 391 center of the screen, followed by a retro-cue (1 or 2) that indicated which grating to remember 392 in the following delay period. Crucially, during a 10 s delay period, if the green dot shifted to 393 the opposite side of the screen (saccade condition), participants had to make an eye 394 movement to the opposite side and maintained at the new location through the following time 395 period (the dashed arrow is for illustration only, not present in the actual test). Conversely, in 396 the no-saccade condition, the green dot did not change its position and participants 397 maintained fixation at the initial side throughout the entire trial. After the delay period a probe 398 was presented, and participants indicated whether the probe was tilted clockwise or 
413
In order to evaluate the potential remapping of VWM in early visual cortex, we 414 assessed whether the patterns of activation in both the hemispheres, contralateral 415 and ipsilateral to the item location, contained the remembered orientation information 416 during the delay period (Figure 1c , gray region). We trained a pattern classifier to 417 discriminate the grating orientation (25° vs. 115°) during an independent, passive-418 viewing localizer run. The classifier was then used to discriminate the gratings during 419 the retention period of the main experiment. We used classification distance to 420 measure the amount of orientation information present in the activity patterns 421 (Buitinck et al., 2013). This approach results in a binary prediction (25° or 115°), but 422 additionally yields a continuous metric of the decoding performance that can be seen 423 as the confidence of the classification (see Methods for additional details). 424
425

No remapping of VWM in early visual cortex following eye movements. 426
During the no-saccade condition, activity patterns in the contralateral early 0.8078, Cohen's d = 0.05), in line with a retinotopically specific VWM storage (Pratte 432 and Tong, 2014). Indeed, Bayesian analyses indicated moderate support (BF01 > 3) 433
for the null hypothesis of no VWM representations in ipsilateral early visual areas 434 (BF01 = 4.531). In the saccade trials, however, orientation information in the 435 contralateral early visual cortex could no longer be significantly discriminated by the 436 classifier (Figure 2a , right green bar; t(23) = 1.9, p = 0.0706, Cohen's d = 0.39), 437
suggesting that the VWM content that was initially maintained in contralateral regions 438 is degraded by an eye movement during the delay period. Interestingly, the VWM 439 representations in contralateral early visual areas did not remap to its ipsilateral 440 hemisphere, given that the classifier could not infer, above chance, the remembered 441 orientation from activity patterns in ipsilateral early visual areas (Figure 2a ipsilateral early visual areas separately. To this end, we applied the classifier that 469 was trained using the passive localizer session to each time point of the working 470 memory task, including no-saccade and saccade trials. During no-saccade trials, the 471 classifier could initially not discriminate between orientations of the remembered 472 grating in either the contralateral or the ipsilateral early visual areas. However, after 473 a few seconds following the stimulus presentation, the classifier was able to select 474 the remembered orientation in the contralateral early visual cortex, while there was 475 no orientation information in the ipsilateral early visual cortex (Figure 2b , cluster 476 permutation test, p < 0.05). Compared to the saccade trials, after the eye movement 477 during the delay period, we found that orientation information was strongly degraded 478 in contralateral early visual areas. Crucially, the remembered orientation information 479 could not be decoded at any time point during delay period from activity patterns in 480 the ipsilateral early visual areas (Figure 2c ), suggesting that VWM contents were not 481 remapped after the eye movement. 482
Our primary approach to quantify orientation-specific activity patterns in early 483 visual cortex was based on a separate data set, during which participants viewed the 484 grating stimuli while their attention was engaged elsewhere. While this approach 485 allows for strong inference (i.e., patterns of activity during the maintenance period 486 resemble those elicited by the physical presentation of the same stimuli), it cannot 487 detect consistent orientation-specific activity patterns during VWM maintenance that 488 are only robustly present during the VWM task, and not during passive viewing. 489
Therefore, in an exploratory analysis, we used a leave-one-run-out cross-validation 490 approach to train the classifier within the working memory period and test on the left-491 out run. 492
Unlike in the decoding analysis trained on the localizer, we found that in no-493 saccade trials, orientation information was present in both the contralateral (Figure  494 3a, left green bar; t(23) = 3.29, p = 0.0032, Cohen's d = 0.67) and the ipsilateral 495 areas. This indicates that there were consistent differences during VWM 497 maintenance of the different orientations not only in the contralateral but also the 498 ipsilateral early visual areas during the delay period. However, also here, the 499 classifier was not able to distinguish between grating orientation in either the 500 contralateral (Figure 3a 
516
Persistent VWM representations after an eye movement in the IPS. 517
Our findings revealed that VWM representations in early visual cortex during 518 maintenance were not remapped following eye movements. Bettencourt & Xu (2016) 519 have recently shown that while remembered orientation information was degraded 520 by irrelevant distractors in early visual cortex, VWM information remained available 521 in the superior intraparietal sulcus (IPS). We sought to test whether we could 522 observe similar results in our study. To this end, we applied the leave-one-run-out 523 cross-validation method to IPS. First, we found that both the contralateral (Figure 3b , information about the remembered orientation in no-saccade trials during delay 527 period, as also observed in early visual cortex. However, in contrast to the early 528 visual cortex, the remembered grating orientation could also be decoded from the 529 contralateral IPS after an eye movement (Figure 3b , right green bar; t(23) = 3.33, p = 530 0.0029, Cohen's d = 0.68), while there was no reliable orientation information in the 531 ipsilateral IPS (Figure 3b , right purple bar; t(23) = 1.48, p = 0.1515; BF01 = 1.775). 532
533
Discussion 534
In the current study, we investigated whether VWM representations are remapped 535 following eye movements and whether VWM information persists in the early visual 536 and parietal cortex after the execution of a saccade. We found robust encoding of 537 maintained orientation information in the contralateral hemisphere of early visual 538 cortex. However, this information degraded upon making a saccade to the opposite 539 hemifield and did not remap to the ipsilateral hemisphere in early visual cortex. This 540 suggests that there is no remapping of VWM representations across eye movements 541 in the early visual cortex. Additionally, VWM representations in early visual cortex 542 were impaired by the saccade during the retention period. In contrast, there was 543 orientation information in the IPS contralateral to the remembered item, that 544 remained reliably present also after execution of a saccade. These findings show 545 that early visual cortex is susceptible to interference of eye movements during a 546 working memory period, while IPS appears less sensitive to this interference. 547 548
Retinotopically specific encoding of VWM information in early visual cortex 549
In contrast to previous studies that have shown that VWM in early visual cortex is 550 represented in a spatially global mode (Ester et al., 2009 ), our study indicates that 551 24 the orientation information can be restricted to the contralateral hemisphere when 552 the orientation and location of the stimulus need to be jointly maintained, in line with 553 several recent studies (Pratte and Tong, 2014; Lorenc et al., 2018) . In Ester et al. 554 (2009), although the remembered grating was always presented in one of the 555 hemifields, participants could use a strategy in which they memorized the orientation 556 of the grating perifoveally instead of at its original location (Williams et al., 2008) . 557
This strategy would lead to a bilateral VWM representation irrespective of where the 558 grating is presented. In order to encourage our participants to represent the grating 559 in its original location, we inserted catch trials, in which the probe grating and the 560 remembered gratings were horizontally offset one visual degree. Participants were 561 instructed to respond only when the probe location matched the location of the 562 initially presented grating. Therefore, they had to maintain the orientation of the 563 gratings at the presented location in order to be able to successfully complete the 564 task. Our results revealed that VWM representation during our task were indeed 565 retinotopically specific (see Figure 2a ), in line with previous findings (Pratte and 566 Tong, 2014). 567
568
No remapping of VWM following eye movements. 569
Attentional or feature based remapping of visual input just prior to a saccade has 570 been well established from a variety of studies and is thought to maintain visual 571 stability across eye movements. For instance, Rolfs et al. (2011) found that attention 572 could be predictively remapped to the future retinotopic location of an upcoming 573 target, even before the execution of the eye movement. In the current experiment, 574
we asked whether memory traces would also be updated with eye movements. 575
However, we found no evidence that visual working memory representations were 576 25 remapped following eye movements. At least two reasons should be emphasized to 577 address the discrepancy in remapping between the attention and VWM. First, to 578 survive in a multifaceted and dynamically changing world, our attention needs to be 579 selectively shifted to the most important stimuli that are goal-relevant. In order to be 580 competent for such a complicated task, remapping of attention could be one of the 581 most crucial mechanism to prepare information in advance. In contrast, the main 582 function of working memory is to temporarily retain information available for 583 processing. While attention could be flexibly remapped to different locations to 584 extract information, storing working memory information in one or several stationary 585 regions could be potentially an efficient way for retrieval. Second, in line with the 586 arguments of 'activity-silent' models of WM when compared to the persistent activity 587 models of WM (Stokes, 2015; Wolff et al., 2017) , remapping of VWM after each eye 588 movement could also be energetically expensive, especially if VWM is maintaining 589 an up-to-date information of the external environment. Therefore, a stationary 590 working memory representation could be an ideal way for ecologically maintaining 591 and manipulating information in the brain. 
